Hippocampal interneurons located within stratum lacunosum-moleculare (SLM), which include neurogliaform (NGF) cells, mediate powerful feed-forward inhibition that can modulate spiking and plasticity in CA1 pyramidal cells. Despite evidence of long-term plasticity at excitatory inputs onto almost all other hippocampal interneuron subtypes, including stratum radiatum feed-forward interneurons, it is not known whether long-term potentiation (LTP) occurs in CA1 SLM interneurons. Here, we show that these interneurons exhibit Hebbian NMDA receptor-dependent LTP, and that Ca 2+ influx through voltage-gated Ca 2+ channels can also be sufficient for induction of plasticity. Furthermore, using an optogenetic dissection strategy, we find that selective stimulation of excitatory fibers from entorhinal cortex can induce LTP in SLM interneurons, whilst stimulation of thalamic afferents from the nucleus reuniens, also known to project to SLM, does not. Finally, we show that a mouse line selective for cortical NGF cells, where Cre recombinase is under the control of the neuron-derived neurotrophic factor (NDNF) promoter, can also be used to target these interneurons within the hippocampus, and that hippocampal NGF cells exhibit LTP.
Introduction
Long-term potentiation (LTP) of excitatory neurotransmission has been extensively studied in the hippocampus, where it is thought to play a pivotal role in memory encoding.
While the overwhelming majority of studies have focused on plasticity in principal cells, excitatory inputs onto a variety of inhibitory interneuron subtypes also undergo activitydependent changes (1) (2) (3) (4) . Thus, within hippocampal area CA1, LTP has been described at glutamatergic inputs onto interneurons located in strata oriens (5) (6) (7) (8) , pyramidale (9) (10) (11) , and radiatum (12, 13) , and notably may serve a number of important functions. LTP at Schaffer collateral (SC) synapses onto radiatum feed-forward interneurons, for instance, leads to an increase in disynaptic feed-forward inhibition of pyramidal neurons. This phenomenon has been proposed to preserve the temporal fidelity of synaptic integration in pyramidal cells that would otherwise be compromised by LTP occurring exclusively at monosynaptic SC inputs (12) . Surprisingly, very few studies have investigated plasticity in interneurons located in stratum lacunosum moleculare (SLM), despite the powerful feed-forward inhibition known to be mediated by these cells. Indeed, stimulation of excitatory projections within SLM recruits such strong feed-forward inhibition that responses in upstream CA1 pyramidal cells are dominated by a large and long-lasting inhibitory current, mediated by both GABAA and GABAB receptor activation (14) (15) (16) .
Excitatory fibers within the SLM, which originate primarily in entorhinal cortex (EC) layer III, constitute the temporoammonic (TA) pathway or the direct cortical input to the hippocampus, and synapse on the distal dendrites of CA1 pyramidal cells (17) (18) (19) , as well as onto interneurons located in SLM (20) . This direct cortical pathway interacts nonlinearly with SC inputs to CA1 pyramidal cells to facilitate synaptic plasticity (21) (22) (23) (24) (25) , dendritic plateau potentials (22, 26) , and the formation of new place fields (26) . Importantly, however, when TA stimulation is timed for optimal recruitment of SLM feed-forward inhibition, it has also been shown to negatively modulate pyramidal cell output. Thus, bursts of TA activity can block both CA1 pyramidal cell spiking (15, 27) and induction of LTP (27, 28) in response to SC stimulation, effects that were found to be GABAB and GABAA receptor-dependent, respectively. In addition, TA pathway inhibition is disrupted in pathological conditions such as temporal lobe epilepsy (29) and tauopathy (30) , highlighting its possible significance in disease.
A heterogenous population of interneurons has been reported to reside within SLM, or on the border between SLM and stratum radiatum (31) (32) (33) . Of these, perforant path-associated 5 and neurogliaform (NGF) cells are the two cell-types most likely to underlie the prominent feed-forward inhibition seen in this pathway. Indeed, their dendrites are largely confined to SLM and, in the case of perforant path-associated cells, also stratum radiatum, suggesting that they receive very little, if any, feed-back excitation from local CA1 pyramidal cells (32, 34) .
NGF cells in particular are abundant, constituting ~10% of the total inhibitory cell population within hippocampal area CA1 (35) , and are known to signal via volume transmission (36), evoking exceptionally long-lasting inhibitory responses in postsynaptic cells, mediated by both GABAA and GABAB receptors. Thus, stimulation of NGF cells evokes responses that closely mimic those seen upon electrical stimulation of SLM, suggesting a dominant role for this celltype in SLM feed-forward inhibition.
It is not known whether NGF cells, or indeed any of the interneurons located within CA1 SLM, express LTP, as has now been described in the vast majority of other inhibitory cell-types found within the hippocampus (2) . Furthermore, in addition to excitation from the EC, this stratum of the hippocampus is also known to receive excitatory inputs from the nucleus reuniens (NRe) of the thalamus (37) . These thalamic afferents effectively recruit hippocampal inhibition (38, 39) , including NGF cells (40) , and could also be susceptible to activitydependent changes. Using a combination of electrical and optogenetic stimulation, as well as a recently developed mouse line designed to selectively target cortical NGF cells (41), we show that LTP is induced by excitatory inputs from the EC, but not the thalamus, onto SLM interneurons, and that NGF cells constitute one of the inhibitory cell-types expressing this form of long-term plasticity.
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Results
LTP in SLM interneurons.
We recorded from interneurons in CA1 SLM with small round somata, consistent with NGF cell morphology (34) , and stimulated fibers in the same layer in order to assess whether excitatory inputs onto these cells exhibit long-term plasticity (Fig. 1A) . We restricted attention to the initial slope of excitatory postsynaptic potentials (EPSPs) and initially employed a lowfrequency stimulation (LFS) protocol paired with postsynaptic depolarization (LFS-P; Fig. 1A) in order to look for LTP at monosynaptic inputs (42) . LFS-P led to an increase in EPSP slope to 129 ± 9% of baseline, lasting for at least 30 minutes ( Fig. 1B ; n = 19; P < 0.01, paired t-test).
LTP of a similar magnitude (134 ± 10%) could also be induced by high-frequency stimulation (HFS) of the SLM ( Fig. S1A and B; n = 6; P = 0.05, paired t-test). Dual pathway experiments revealed a 20% larger increase of EPSP slope in the test relative to the control pathway following LFS-P ( Fig. 1C ; test: 135 ± 15%, control: 115 ± 10%, n = 7; P = 0.07, paired t-test).
This difference did not reach statistical significance, implying that LTP may not be fully restricted to stimulated synapses, as might be expected in cells with aspiny dendrites (34, 43, 44) . Consistent with classical Hebbian LTP mechanisms, LFS-P-induced LTP in SLM interneurons was NMDA receptor-dependent as its induction was fully blocked by application of APV (100 µM; Fig. 1D ; interleaved LFS-P: 142 ± 7%, n = 5; APV: 95 ± 8%, n = 5; P < 0.01, unpaired t-test). Importantly, control experiments confirmed that responses were stable over time in the absence of experimental manipulation ( Fig. S1C ; responses 99 ± 11% of baseline after 30 min recording, n = 4). SLM interneuron dendrites have been shown to support back-propagating action potentials (APs) (45) , and we hypothesized that appropriately timed conjunction of pre-and postsynaptic spiking underlies plasticity in these cells. To test this prediction, we applied a spike timing-dependent plasticity (STDP) protocol consisting of 30 presynaptic stimuli, each followed by a single postsynaptic spike ( Fig. 2A ). This induced a significant increase in EPSP slope to 140 ± 14% of baseline ( Fig. 2B ; n = 8; P < 0.05, paired t-test). Interestingly, LTP induced by the STDP protocol was not pathway specific, as a very similar increase in EPSP size was also observed in a control pathway that was not stimulated during the pairing (Fig 2B; 137 ± 12%; n = 8). Paired-pulse stimulation applied within and across pathways (see SI Materials and Methods) confirmed that the two pathways were independent of each other (Fig.   S2 ). These results imply that a postsynaptic LTP-induction cascade can spread from stimulated to non-stimulated synapses, and/or that Ca 2+ (49)) and R-type channels, and nimodipine (10 µM) to block Ltype channels, which are activated by back-propagating APs in NGF cells (45) and have also been implicated in interneuron plasticity (50, 51) . Application of these blockers together prevented the induction of LTP ( Fig. 2D ; 109 ± 13%; n = 5). Taken together, these results suggest that Ca 2+ influx through T-, R-and/or L-type Ca 2+ channels, likely triggered by backpropagating APs, is necessary for the induction of STDP in SLM interneurons, and sufficient on its own to induce a transient potentiation of synaptic transmission.
LTP induction by stimulation of EC but not thalamic inputs to SLM interneurons.
The SLM region of CA1 receives excitatory projections from both layer III of the EC (17) and the NRe of the thalamus (37) . In order to activate either pathway selectively, we injected an adeno-associated virus (AAV) encoding channelrhodopsin-2 (ChR2) under the CaMKII promoter into either the NRe or the EC (Fig. 3A-C) , and recorded responses in SLM interneurons to optogenetic stimulation of the surrounding ChR2-expressing terminals ( Fig. 3B and C). Importantly, viral injections in either location led to expression of ChR2 within the hippocampus that was restricted to SLM ( Fig. 3B and C) , and, in the case of EC injections, the molecular layer of the dentate gyrus ( thalamus: 172 ± 10%, n = 3, Fig. S4A ; EC: 127 ± 16%, n = 4, Fig. S4B ), precluding the ability to measure LTP of these optogenetically evoked responses. For this reason, light stimulation was used to deliver a conditioning stimulus selectively to either EC or thalamic terminals, whilst electrical stimulation was used to monitor EPSPs at synapses made by both sets of afferents. Pairing optogenetic stimulation of EC inputs with depolarization, in a LFS-P protocol identical to that used in Figure 1 but with electrical stimulation interrupted ( Fig. 3D ), led to an increase in EPSP slope to 138 ± 14% of baseline ( Fig. 3E ; n = 12; P < 0.01, paired t-test). In contrast, the same pairing applied to thalamic afferents had no observable effect, with the EPSP slope remaining at 107 ± 9% of baseline ( S5C ; EC: 156 ± 16%, n = 14; thalamus: 100 ± 7%, n = 13; P < 0.01, unpaired t-test), indicating likely differences in probability of release between these two synapses. 
Hippocampal NDNF+ cells are NGF cells and express LTP.
NGF cells constitute ~10% of the total inhibitory neuron population in hippocampal area CA1, and the vast majority are located in SLM (35) . This, together with our specific targeting of cells with NGF cell-like morphology, makes it highly likely that the plasticity identified and characterized here is a feature of this particular cell-type. Indeed, biocytin filling and post-hoc morphological reconstruction confirmed that at least some of the cells in which LTP was observed were in fact NGF interneurons (Fig. 4A) . However, the fine dendritic and axonal arborisation of these cells renders morphological recovery particularly challenging (52) 
Discussion
Here we show that interneurons located in SLM express NMDA receptor-dependent The finding that CA1 interneurons located in SLM, including an NGF cell subset, exhibit long-term plasticity has not, to our knowledge, previously been shown. Indeed, one previous study reported no evidence of LTP, although it focused on interneurons located at the border of SLM and stratum radiatum with stimulation of excitatory fibers in both strata (6).
The present findings, however, complement work showing plasticity at mossy fiber inputs to SLM interneurons located in CA3 (50), as well as evidence of LTP in CA1 stratum radiatum Ivy cells (13), a cell-type closely related to NGF cells (55, 69) , and of plasticity reported in cortical NDNF+ NGF cells (53) . Interestingly, we found that LTP in SLM interneurons could be induced by both NMDA receptor-dependent and -independent mechanisms, and that plasticity induced by the former was at least partially pathway-specific. This supports previous reports of pathway-specific, NMDA receptor-dependent Hebbian LTP in aspiny hippocampal interneurons (12, 70) , and further challenges the view that spines are necessary for the dendritic compartmentalization of plasticity (71, 72) . In contrast, however, the NMDA receptorindependent form of LTP induced here by a STDP protocol was not restricted to the stimulated pathway. We hypothesize that back-propagating APs, which have been reported in SLM interneurons and NGF cells (45) , triggered specifically by the STDP protocol, led to Ca 2+ influx through VGCCs and thereby to LTP that was expressed indiscriminately throughout the dendritic tree. Indeed, induction of this form of plasticity was prevented by blocking T-/R-and L-type VGCCs, and postsynaptic APs alone without presynaptic stimulation were also sufficient to induce some potentiation, albeit not sustained. This is reminiscent of plasticity mechanisms seen in oriens-alveus interneurons, where NMDA receptor-independent LTP relies instead on Ca 2+ influx through either Ca 2+ -permeable AMPA receptors or T-type Ca 2+ channels, and can also be induced by trains of postsynaptic APs (7, 49) . Together, these results indicate that postsynaptic Ca 2+ is necessary for LTP induction in SLM interneurons, but that the source of Ca 2+ itself can vary and may define the level of pathway-specificity.
It is interesting that optogenetic stimulation of EC fibers induces LTP in SLM
interneurons whilst equivalent stimulation of thalamic fibers does not. This could be due to any number of pre-and/or post-synaptic differences that may exist between these two synapses, such as the specific receptors and receptor subunits present, the probability of release at each synapse, and the resultant short-term plasticity mechanisms that may be at play during the induction protocol. In support of the latter hypothesis, optogenetic dissection of the two inputs revealed that PPF could not be reliably induced at synapses formed by thalamic fibers, whilst clear PPF was seen at those originating from the EC. Although NRe stimulation has previously been shown to elicit PPF in hippocampal CA1 pyramidal cells, as measured by in vivo field recordings (38, (73) (74) (75) , it is possible that the release probability at NRe fibers onto SLM interneurons is higher than that onto pyramidal cells, thereby reducing short-term facilitation selectively at this synapse. Indeed, the probability of release can vary in a target cell-dependent manner, even across synapses formed by the same presynaptic axon (76, 77) . Thus, differences in LTP induction between EC and thalamic inputs could at least partly be explained by differences in probability of release that may exist between these two synapses. In addition, it is possible that differences in pre-and/or post-synaptic receptor expression could be involved 16 in this effect. Given that LFS-P-induced LTP was found to be NMDA-receptor dependent, this receptor seems an obvious candidate. However, whilst a recent study strikingly showed that excitatory responses on NGF cells possess an unusually large NMDA component, they also demonstrated, using a similar optogenetic strategy to that employed here, that NMDA/AMPA ratios in NGF cells do not differ between NRe and EC inputs (40). It seems unlikely, then, that differences in expression of this receptor subtype could underlie our effect. Further characterization of these two distinct excitatory synapses onto SLM interneurons will be necessary to identify potential differences between them and better understand their individual functions and specific recruitment of hippocampal feed-forward inhibition.
The finding that multiple mechanisms, all converging on Ca 2+ influx, can induce plasticity in SLM interneurons suggests that these inhibitory cells may be particularly and synaptically (34) , and that their signaling is subject to powerful activity-dependent downregulation via activation of presynaptic GABAB receptors (34, 80) , desensitization of postsynaptic GABAA receptors (81), and nitric oxide-mediated auto-inhibition (45) . It is therefore difficult to predict the net effect of NGF cell potentiation on downstream hippocampal signaling. Future experiments employing optogenetic strategies in Ndnf-Cre mice will be key to understanding the roles of this hitherto relatively understudied interneuron class, and of potentiation of TA feed-forward inhibition, within the wider hippocampal network.
Materials and Methods
Animals
Hippocampal slices were prepared from male and female wild-type mice (C57BL/6, Harlan) that were postnatal day 14 -25 for electrically induced LTP experiments (Figs. 1 & 2) , or 2 -5 months old for optogenetic experiments (Fig. 3) . Heterozygous Ndnf-Cre breeding pairs were obtained from The Jackson Laboratory (Ndnf-IRES2-dgCre-D), and bred on a C57BL/6
background. Male and female 3 -5 month old Ndnf-Cre mice were used for NGF cell LTP experiments (Fig. 4) . All mice were housed under a non-reversed 12 h light-dark cycle and were given access to food and water ad libitum. All procedures were performed in accordance with the UK Home Office Animals (Scientific Procedures) Act 1986.
Surgery for viral injections
Mice (minimum age 6 weeks) were anaesthetized using isoflurane and positioned in a stereotaxic frame, and on a heated pad to maintain body temperature. Either bilateral holes 
Slice preparation
Young mice (P14 -25) were decapitated under isoflurane anaesthesia and the brains were rapidly removed and placed in ice-cold, sucrose-rich slicing solution composed of (in mM):
sucrose (75), NaCl (87), KCl (2.5), NaH2PO4 (1.25), NaHCO3 (25) , Glucose (25), CaCl2 (0.5),
MgCl2 (7), and oxygenated with 95% O2 and 5% CO2. Older mice (≥ 2 months) were given a lethal dose of sodium pentobarbital, and transcardially perfused with ice-cold oxygenated sucrose solution, before removal of the brain. 300 µm-thick sagittal slices were cut, except for a subset of brains that were cut in a horizontal orientation; results from experiments in sagittal and horizontal slices did not differ and were pooled for analysis. Slices were cut in ice-cold sucrose solution using a vibrating microtome (Leica VT1200 S), and were left to recover for 15 min at 32°C before being transferred to a standard artificial cerebrospinal fluid (aCSF) solution composed of (in mM): NaCl (119), KCl (2.5), MgSO4 (1.3), NaH2PO4 (1.25), NaHCO3 (25), Glucose (11), CaCl2 (2.5), and oxygenated with 95% O2 and 5% CO2. Slices were allowed to recover for at least 1 h at room temperature before being transferred to a recording chamber for experiments. The CA3 region was removed from all slices to prevent recurrent activity in the presence of GABA receptor blockers.
Electrophysiology
Recording: Experiments were performed in a submerged recording chamber continuously perfused with oxygenated aCSF at a rate of 2-3 ml/min and maintained at 30-32°C. Picrotoxin Biocytin (0.4%) was added for post-hoc morphological analysis in a subset of experiments.
Recordings were made using a Multiclamp 700B amplifier (Molecular Devices), filtered at 10 kHz and digitized at 20 kHz, and experiments were run using custom-made LabVIEW software. Recordings were not corrected for liquid junction potential, and cells were rejected if they had an access resistance > 25 MΩ, or access or input resistance that changed by more than 20% over the course of an experiment. Recordings were made in current clamp mode at -70 mV, except during the LFS-P or HFS protocols during which cells were temporarily switched to voltage clamp and held at -10 mV.
Stimulation: Concentric bipolar stimulating electrodes (FHC) were positioned in the SLM and stimulation was delivered at 0.05 Hz via constant current stimulators (Digitimer). In experiments where 2 pathways were tested, stimulating electrodes were positioned on either side of the recorded cell, at opposite ends of SLM, and pathway independence was verified by comparing responses to paired-pulse stimulation within and across pathways (see Fig. S2 ):
paired-pulses with an inter-pulse interval of 50 ms were applied to each pathway and typically revealed paired-pulse facilitation (PPF) ((EPSP slope1/EPSP slope2)*100; 176 ± 5%; n = 58).
Paired-pulses were then applied across pathways, and pathways were considered independent if responses were not facilitated following stimulation of the other pathway. It should be noted that spikes were often triggered by larger EPSPs, thus preventing the measurement of PPF and pathway overlap in some cells; however, all pathways that could be tested were found to be independent (n = 29 pairs), suggesting that our stimulating electrode placement generally or S11227) for 3 h at room temperature. Some of the slices from Ndnf-Cre mice that had been injected with AAV5-EF1α-DIO-EYFP were also stained for GFP to enhance the EYFP-tag and confirm the identity of recorded cells. For these stainings, slices were first incubated in blocking solution consisting of 0.5% Triton-X, 0.5% bovine serum albumin (BSA) and 10%
goat serum in PBS for 1 h at room temperature, before being transferred to PBS containing 0.5% Triton-X, 0.5% BSA and guinea pig anti-GFP antibody (1:1000; Synaptic Systems, 132 005) and left overnight at 4°C. After washing in PBS, slices were incubated in goat anti-guinea pig secondary antibody conjugated with Alexa Fluor 488 (1:500; ThermoFisher Scientific, A-11073) and streptavidin-conjugated Alexa Fluor 594 (1:1000; ThermoFisher Scientific, S1127). DAPI staining was then performed by incubating slices for 5 min in PBS with DAPI
(1:5000).
Data analysis:
Individual experiments were analyzed using custom code written in Python, and statistical analysis was carried out in Origin (2018; OriginLab). For quantification of LTP, paired students t-tests were carried out on raw pre (baseline) vs post-LTP (last 10 min) EPSP slope measurements. Test versus control pathways were compared using paired t-tests on normalized responses averaged from the last 10 min of experiments, and unpaired t-tests were used to compare optogenetic responses to thalamic versus EC stimulation. Shapiro-Wilk tests were used to assess normality, and paired and unpaired t-tests were replaced by Wilcoxon signed rank and Mann-Whitney U tests, respectively, if data were found to be non-normally distributed. Differences were considered significant when P < 0.05, and are reported as P < 0.001 (***), P < 0.01 (**), P < 0.05 (*), or P = X when results were near-significant (P < 0.1).
All data are presented as mean ± SEM. Representative traces are an average of 15 traces taken during the 5 min baseline period or during the last 5 min of recordings, unless stated otherwise.
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